Abstract-Four numerical models have been built for the simulation of the thermal yield of a combined PV-thermal collector: a 3D dynamical model and three steady state models that are 3D, 2D and 1D. The models are explained and the results are compared to experimental results. It is found that all models follow the experiments within 5% accuracy. In addition, for the calculation of the daily yield, the simple 1D steady state model performs almost as good as the much more time-consuming 3D dynamical model. On the other hand, the 2D and 3D models are more easily adapted to other configurations and provide more detailed information, as required for a further optimization of the collector. The time-dependent model is required for an accurate prediction of the collector yield if the collector temperature at the end of a measurement differs from its starting temperature.
INTRODUCTION
means of the Hottel-Whillier model, dating back to 1958. Increasingly, the dynamical modelling of A combined PV-thermal collector -henceforth to thermal collectors has attracted attention. A combe called a combi-panel -consists of a photo-parison of three dynamical models has been made voltaic laminate (a PV-laminate) that functions as by Klein et al. (1974) . They identified a storage the absorber of a thermal collector. In this way, a effect -lowering the efficiency of the collector device is created that converts solar energy into during the period it is heating up to obtain its both electrical and thermal energy. The main working temperature -and a transient effect due advantages of a combi-panel are:
to the changing weather conditions. Smith (1986) 1. An area covered with combi-panels produces compared dynamical models with an increasing more electrical and thermal energy than a number of nodes. From his results it can be corresponding area covered half with conven-concluded that the modelling of the cover glass tional PV-panels and half with conventional does not have much impact on the thermal thermal collectors. This is particularly useful efficiency, while the temperature difference bewhen the amount of space on a roof is limited. tween the fluid and the tube seems to be im-2. Combi-panels provide architectural uniformity portant.
on a roof, in contrast to a combination of The integration of PV and a thermal collector separate PV-and thermal systems.
into one design fundamentally changes the 3. Depending on the system configuration, the characteristics of both. The electrical yield of the average PV temperature in a PV-thermal col-PV-cells is influenced by the collector inflow lector might be lower than for a conventional temperature and -for the case in which the panel PV-laminate, thereby increasing its electrical has an additional glass cover to reduce the heat performance. loss to the ambient -by the additional reflection Much is known about the modelling of the at this cover. The thermal yield of the collector is thermal efficiency of a conventional thermal changed by the increased heat transfer resistance collector. A well-known way of modeling it is by between the absorber and the fluid, the increased specific heat -which approximately trebles due to † the presence of a PV-laminate -the lower light Author to whom correspondence should be addressed.
absorption of the PV-laminate and the absence of In contrast to the situation for conventional
The efficiency of the combi-panel has been thermal systems, the literature on combined measured and has been compared to the efficienphotovoltaic-thermal collector design is not very cies of a conventional sheet-and-tube thermal extensive. In order to optimise the overall design collector and a multi-crystalline silicon PV-panel of the collector, as well as to be able to predict the of the same length and width, which were effect of small improvements in the components positioned next to it in the test rig. A photograph of the collector, an accurate numerical model is of the test rig is shown in Fig. 2 . The original required. However, the effort invested in model-thermal collector surface was somewhat larger ling of PV-thermal collectors has been limited. A than the PV-laminate. In order to create similar model study was published in which the Hottel-areas for the PV-laminate, the thermal collector Whillier model was adapted to cover PV-thermal and the combi-panel, the absorbing surfaces of the collectors as well (Florschuetz, 1979) and several latter two were partly covered with insulation that researchers have made simulations in order to had a reflective aluminium top layer. In Fig. 2 determine the efficiency of a combi-panel system these covered parts appear as the white areas (Cox and Raghuraman, 1985; Bergene and Løv- The water was drawn from the tank into the tween various models for combi-panel efficiency thermal collector and the combi-panel by a NKF calculations has not been published yet. In order Verder ND 300 KT 18 diaphragm pump. The to obtain more information on the design parame-construction was such that the water heated by the ters of combi-panels, several models were built collector was discharged on the sewage system in and compared to experimental results.
order to be able to keep the inlet water temperature at a constant value. The water flow through the combi-panel and the conventional thermal
EXPERIMENTAL SET-UP
collector have been measured independently with In order to quantify the efficiency of a combi-two rotary piston KENT PSM-LT PL 10 water panel, an experimental prototype was built at the volume meters. The volume flow was measured Eindhoven University of Technology (de Vries, by dividing the counted amount of litres by the 1998; de Vries et al., 1999) . This was a non-measuring time. The wind speed has been meaoptimised first prototype, which was built in order sured with an EKOPOWER MAXIMUM cup to be able to validate the simulated values gener-anemometer. The irradiation has been measured ated by the models under study. The prototype with a Kipp & Zonen CM 11 pyranometer. The was constructed by connecting a conventional temperatures of the PV-laminate, the combi-panel PV-laminate, containing multi-crystalline silicon laminate and the collector absorber as well as the cells, to the absorber plate of a conventional in-and outflow temperatures of the collector and glass-covered sheet-and-tube collector, as shown the combi-panel have been measured with therin Fig. 1 . The panel was then integrated into a test mocouples type K, which were calibrated to an rig on the roof of the department of Mechanical accuracy of 0.2 K. The thermocouples, the Engineering at the Eindhoven University of Tech-pyranometer, the anemometer, the two water nology.
meters and the electrical output of the combi- Fig. 1 . The combi-panel. destroyed. The length scales used in the calculations correspond to the experimental set-up and are given in Table 1 . panel and the PV-panel were read out by a DORIC digitrend 220 datalogger. The time between two measurements was typically 11 s. The
MODEL DESCRIPTION
PV-laminate was a standard Shell Solar PV-lami-2 nate consisting of 72 10 3 10 cm EVA encapsu-3.1. Introduction lated multi-crystalline silicon cells with a low-iron
The heat flows through the combi-panel are glass front and an PE /Al / tedlar film at the back. indicated in Fig. 3 . Four numerical models have been developed that calculate these heat flows for thermal efficiency is calculated from the effective the determination of the daily yield of the combi-transmission-absorption factor by subtracting the panel. These models require a decreasing amount electrical efficiency from t , according to t 5 a a ,eff of computation time at the cost of less detailed t 2 th . Here, t represents the transmissivity h j a el information and an increased reliance on empiri-of the glass cover, which equals 92%. In this way cal correlations. one obtains the amount of absorbed solar energy The results of the measurements and the calcu-that contributes to the thermal yield. lations are the yield and the efficiency of the With respect to the thermal model, the modelcollector. The yield of the collector is defined as ing is simplified by regarding the serpentine-like the amount of useful energy produced by it, while tube as a long straight tube, ignoring the effects the efficiency is defined as the yield divided by related to the bends, which are assumed to be of the amount of solar energy received by the secondary importance. In this way, two effects are collector. Both an electrical and a thermal ef-ignored: ficiency are defined. GA PV were carried out. An increase of 20% in heat The four models have in common the way the transfer between tube and tube wall indicated lead optical and electrical parts are calculated. The to an increase in thermal efficiency of less than electrical efficiency, which is a function of tem-0.1%. Furthermore, the simulations showed that a perature, is given by 20% increase in fin area results in a reduction in thermal efficiency of slightly less than 1%. In h 5h 1 2 0.0045
addition, in the present experimental configuraThe transmission-absorption factor t of the tion, the width of the serpentine is approximately a combi-panel has been calculated with an optical the same as the width of the PV-laminate, as model. The optical model calculated the coeffi-shown in Fig. 2 . This reduces these effects even cients of reflection at each material within the further. It is concluded that these 3D effects are PV-laminate, using the Fresnel equations. The small. solar radiation was assumed to have no nett The thermal resistances of the different layers polarisation, so the incoming light was split in of material between the solar cells and the copper 50% parallel and 50% transverse polarization. absorber sheet have been lumped together into the Next, t was determined for each mode separately heat transfer coefficient h , which has been a ca 2
and the results were added. The calculation was measured to be 4563.3 W/ m K for our exbased on the assumption of specular reflection, so perimental set-up. The value of h has been ca diffuse reflection was not taken into account. A determined by measuring the temperature differfurther complication was presented by the fact ence between the glass surface of the PV and the that a PV-laminate does not present a homoge-absorber and inserting the results into the formula neous surface but consists of different parts for h indicated below. It is assumed that the heat ca (active PV-area, the top grid and the spacing loss to the ambient through the back of the between the cells). For each part the value for t collector is negligible, as well as the temperature a has been calculated separately and then t of the difference between the glass and the cells. The first model that has been built is a fully area cannot be reflected back by the glass on the time-dependent quasi 3D model. It has been built PV area in our model. The average value of t , in order to be able to simulate the time-dependent a which was found to be 0.74, was then inserted behaviour of the combi-panel. The model is quasi into the thermal-yield models. In the models that 3D since the absorber plate and the PV-laminate will be described in the following paragraphs, the are segmented in both the directions perpendicular to the flow (x-direction) and along the flow ( y- x-direction (along the flow) is almost linear and therefore substantially smaller than the differenFor the Nusselt relations see Appendix A. The tiation with respect to y. In Eq. (6) the respective vertical temperature gradient over the glass on top areas are also indicated in order to account for the of the PV-laminate is not calculated; the propabsorber area that is covered by the insulation (see erties of the glass and the silicon are lumped photograph in Fig. 2 
≠x ≠y in which L represents the length of a segment in For the simulation of the equations presented the y-direction and B represents the contact width above, the derivations have been discretized as between the sheet and the tube. The seven heat shown below: fluxes appearing in Eqs. (5) to (8) are determined from the following relations (the tube is located at ≠x x 50.5W be 0.108 s, which is equal to 1 / 100 of the time step between two measurements in the experimen-
The treatment of the begin-and end-segments tal set-up. It was found that a larger step resulted (segment numbers 1 and 6) differs somewhat in an unstable calculation process while a smaller from the middle segments since the sides are time step did not change the results of the partially covered by the insulation material (as calculation.
shown in the photograph in Fig. 2 ). Zero heat flux The PV-laminate and the absorber are sub-is assumed for the outer boundaries, while the divided into six segments in the y-direction (along discretization is shown in Fig. 4 . Since the PVthe flow). For the middle segments (2 to 5) the laminate is somewhat shorter than the copper temperature profile is assumed to be symmetric absorber, they do not end at the same segment with respect to the tube location in its center. The number. The boundary conditions are: segments are subdivided into seven elements in the x-direction, perpendicular to the flow, as ≠T
shown in Fig. 4 . gradients at both sides of the domain of the ≠x x 5end calculation, a fake segment is introduced at each ≠T side (for the case of the middle segments at m51
and 8; see Fig. 4 ) and a value is attributed to it ≠x x 5end copper ≠T such that the boundary condition is satisfied. Both
for the absorber and the laminate, the boundary ≠x x 5end conditions are provided by For the calculation, an initial temperature dis- tribution is assumed. The temperature distribution This set of equations contains nine heat fluxes. on subsequent times is determined by integration Of these, seven are provided by the set of Eqs. (9) of Eqs. (5) to (8) with respect to time, using a to (15), although the quantities which in these Runge-Kutta procedure. Using this model, the equations are functions of x should now be time-dependent calculation of the yield over an replaced by their average value for each layer interval of 1 h roughly takes 2.5 h of calculation segment in the collector. In particular, Eqs. (14) time on a Pentium 3. and (15) now becomeq A minor modification has been made by taking Finally, an equation is required for the averagē into account the temperature drop over the glass absorber temperature T . The temperature varies abs front of the PV-laminate and the glass cover. This along the surface as shown in Fig. 3 , correresulted in three additional equations. In the 3D sponding to the Hottel-Whillier equations for a model these equations have been left out, since, sheet-and-tube collector (Duffie and Beckman, due to the discretisation, they would add another 1991). 50 equations to be solved, while it was found that t 2 th G s d f s d g model was to ignore the effect of the edges of the absorber that were underneath the insulation (see in which the heat loss coefficient was approxi- Fig. 2 ). This made the area for loss to the rear of mated by: the collector somewhat less, but the difference in 
represented in Fig. 3 , which corresponds to the following equations: The thermal efficiency has been calculated for an increasing number of segments, as shown in
PVglass air,conv air,rad 
air,conv air,rad topglass case, the temperature increase within the collector is less and a smaller number of segments is sufficient.
topglass sky,conv sky,rad The 2D model resulted in a very substantial absorber h the measured value of 45 W/ m K ca reduction in computation time, as it was 25 times was used. as fast as the 3D static model. An iterative procedure is used. For the calculation, an initial value for the mean plate tempera-3.4. 1D Model ture is assumed and a value is calculated for the thermal power P produced by the combi-panel. For the computation of the annual yield, the 2D For each subsequent iteration, a more accurate model was still rather time consuming. To reduce value for the mean plate temperature is deterthe calculation time even further, a 1D model has mined from been built. This 1D model is a Hottel-Whillier model (Duffie and Beckman, 1991, pp. 253-281) .
DT Vries et al., 1997; Zondag et al., 1999) . The resistance between cells and absorber. In order to measured efficiency curves for the prototype calculate the thermal yield, equations are required combi-panel and the thermal collector are shown for the heat transfer coefficient through the cover in Fig. 6 and the corresponding efficiencies at U and the heat transfer coefficient from the loss zero reduced temperature are summarized in tube to the water h (both given in Appendix tube Table 2 . The thermal efficiency is shown as a A). For the heat transfer coefficient from cells to The dynamical performance of the 3D dynamThe assumption of a linear dependence of the ical model has been tested by simulating the yield efficiency on the reduced temperature over the of the combi-panel over a day. In order to do so, range of reduced temperatures shown is in accord-the yield of the prototype combi-panel has been ance with the results of the simulations for the measured together with the ambient conditions on presented design. a day in October. Next, the data collected on the Fig. 6 can be used to verify several experimen-irradiance and the ambient temperature were used tal parameters. According to Eq. (34) In the early hours the match is excellent. The fact that the model slightly underpredicts the efficiency at the end of the day was attributed to the tiles on the roof, which had been heated in the course of the day and now increased the ambient temperature in the direct vicinity of the combipanel. Fig. 8 shows a close up of Fig. 7 . The time lag that appears in the figure corresponds to approximately 4 min between the increase in the irradiance and the increase in the outflow temperature, which is of the same order as the calculated theoretical response time of the collector of typically lasted several hours, but large with model was found to be 11 046 kJ, corresponding respect to the sampling rate which was typically to 54.4% of the incoming solar energy, whereas 10.8 s.
the steady model indicated a yield of 11 089 kJ, Since the calculation of the dynamical effects corresponding to 54.2% of the solar energy. The took a lot of calculation time, it was decided to loss caused by ignoring the dynamical effects establish the importance of the dynamical effects over the day was therefore only 0.2%. It is for the calculation of the daily yield. Therefore, important to note, however, that the dynamical the value of the daily yield determined from the model gives a lower yield at the beginning of the 3D dynamical model has been compared to the day, due to the heating of the combi-panel, value of the daily yield determined from the 3D whereas it predicts a higher efficiency at the end steady state model. For a first try, the comparison of the day due to the cooling of the collector. This was performed with the data collected on a day in effect is not calculated by the steady state models. August, a clear day without much fluctuation in Therefore, if the yield is calculated over the first 5 the irradiance. The data on the ambient conditions h only, the difference between the models is were measured with an interval of 11 s. At the increased up to 0.8%. It should be concluded that end of the measurements, the data were averaged the dynamical effects largely cancel during the over the hour and supplied to the model. The day, since the reduced experimental efficiency in results are shown in Fig. 9 . the morning is compensated by the increased The yield determined from the dynamical 3D experimental efficiency in the afternoon.
Next, the calculations were repeated for a day in September with a strongly fluctuating irradiance. The results are shown in Fig. 10 . For the calculation of the yield over the entire day again the dynamical and the steady state model produced exactly the same value of 45.4%. However, if the calculation was confined to the first 3 h of the day, the difference between the dynamical and the steady state model was increased to 2.3%.
Even with the strongly fluctuating irradiation observed on this day, the calculation of the dynamical effects does not result in a more On the basis of these results it has been concluded efficiency for our combi-panel collector, the dy-combi-panel producing electricity. namical effects do not have to be taken into account, even though the specific heat is much larger than for the case of a conventional thermal ments is well within the range of the experimental collector, as indicated in Table 3 . In addition, it data. has been concluded that hourly data are suffiNext, the thermal efficiency calculated by the ciently accurate for the calculation of the daily 1D, 2D, and 3D steady state models has been yield, which strongly reduced the amount of data compared. The simulations have been carried out to be processed.
for the case in which no electricity is produced. The result is given by Fig. 12 . In order to allow a 4.3. Steady state performance of the combigood comparison between the models, curves are panel shown for the 2D model without temperature First, a comparison has been made between the gradient over the glass (similar to the 3D model) 2D steady state model and the experiments. For and the 3D model with the absorber area equal to the calculations, the ambient conditions are pre-the PV area, (similar to the 1D and 2D models). sented in Table 4 while the system dimensions The figure shows that the results of the 1D and were presented in Table 1 . The results of the the 2D model differ by roughly 1%. In comsimulation are shown in Fig. 11 . The thermal parison to the 2D thermal model, the 3D thermal efficiency was determined as a function of re-model predicts a 2% lower efficiency. However, duced temperature for the 2D steady state model. the figure shows that a large part of the 2% The agreement between the model and the experi-difference between the 2D and the 3D model is due to the absence of the heat resistance in the simulated as a function of reduced temperature with the 1D model. The ambient conditions during the day were those presented in Fig. 13 . The inlet temperature was kept constant. corresponding to the small overprediction of the efficiency could be determined sufficiently accuefficiency observed in Fig. 11 . In addition, it can rately by the 1D model using Eq. (1). be observed that the simulations somewhat over- Fig. 15 shows the measured electrical power of predict the measured thermal efficiency in the the system and the temperature difference bemorning and slightly underpredict the measured tween the PV-panel and the PV-laminate that is thermal efficiency in the evening, as can be integrated into the combi-panel. The figure indiexpected from a steady state calculation, since the cates that the electrical efficiency of the PV-panel heat storage effect (Klein et al., 1974) is not taken is slightly smaller than the electrical efficiency of into account.
the combi-panel. This is due to the lower temperaUntil now, all attention has been focussed on ture of the cells in the combi-panel for the present the thermal efficiency of the system. However, for case in which the inlet temperature was kept a combi-panel also the electrical efficiency should constant at approximately 188C. This implies that be determined. It turned out that the electrical the electrical gain due to cooling of the PV by the Fig. 13 . Ambient conditions as a function of time. water is even larger than the optical loss of the combi-panel for the Dutch meteorological KNMI combi-panel, that is due to the reflection at the test reference year. The 1D steady model has been glass cover. This is expected, since additional used to model the case in which two similar 2 transmission losses of 8% correspond to a tem-combi-panels with a joined area of 3.5 m and a alone. The pump was assumed to be operated by Next, simulations have been performed to find an ideal control algorithm, switching it on whenthe thermal and electrical yield of the prototype ever a positive yield would occur. The tapping Tapping 2 2 2 2 2 2 2 1 2 2 2 2 1 1 2 2 2 1 1 1 2 1 1 2 The 1D steady model was subsequently used and air conditioning), which is presented in Table for the calculation of the annual yield of a combi-5. For the case in which heat and electrical energy panel design. The thermal and electrical efficienare produced simultaneously, the thermal ef-cies have been found to be 33 and 6.7% for the ficiency has been found to be 33% for the configuration used, as compared to 54% for the configuration used, as compared to 54% for the conventional thermal collector and 7.2% for the conventional thermal collector. Taking into ac-conventional PV-laminate under the same concount low-irradiation loss, electrical loss due to ditions. The advantage of the 1D model is that it the angle of irradiation, losses due to the inverter is roughly 30 times as fast as the 2D model, (typically 8%) and MPP-tracking losses of 2%, which is about 25 times as fast as the 3D model. the electrical efficiency of the panel was found to Although the 1D model performs just as good be 6.7% as compared to 7.2% for the convention-as the 2D model for the cases mentioned above, al PV-laminate under the same conditions. In this the 2D and 3D models have some important case, therefore, in contrast to the situation in Fig. advantages over the 1D model since they are 15, the additional reflection losses in the PV-more flexible and can easily be adapted to more combi are not compensated by the cooling of the complicated combi-panel designs. Therefore, the PV. This is due to the higher average inlet 2D and 3D models are very important for further temperature of the water, which is heated during optimization of the combi-panel, which is one of the course of the day. the main targets in the ongoing research. By variation of the model parameters information can be obtained with respect to the effect of further 7. CONCLUSIONS improvements. Table 6 summarizes the merits of A dynamic 3D model and steady 3D, 2D and the four models. 1D models have been built, together with a first non-optimised prototype of the combi-panel. The efficiency curves determined from the models 
